Nucleolar organizer region (NOR)-dm staiaing of the chromosomes and nucleoli is a method that enables the detection of proteins associated with the ribosomal genes. We adapted the most commonly used qtochemical NOR-silver staining techniques to Western-blotted proteins ofHeLa cells, mimicking the silver staining of c e h in situ, and testing several parameters that may influence the in situ reaction. Two of these techniques, both one-step methods with colloidal developers, were standardized to obtain reproducible results. The specificity of NOR staining is documented by: (a) only a few bands are r d e d among the many proteins detected by total proteins staining on geh or blots; two major groups of bands are found around 100 KD and 40 w that could correspond at least in part to nucleolin and B23 nucleolar proteins; (b) the silver staining of bands was not the result of the high relative protein concentrations; and (c) the same 1992)
Introduction
Nucleolar organizer regions (NORs) are chromosomal regions in which the ribosomal genes (rDNA) are clustered. Active NORs are associated with a subset of specific proteins (Miller et al., 1976) . Some of these proteins can be detected by cytochemical reactions first described in the 1970s (Goodpasture and Bloom, 1975; Howell et al., 1975) . These cytochemical methods are based on the specific argyrophilic affinity of the NOR-associated proteins, the socalled Ag-NOR proteins. With the use of these techniques, NORs can be easily identified in mitotic chromosomes, and as a result this approach has become standard for cytogenetic analysis of the NORs.
Much simplified and more reliable Ag-NOR staining methods have been subsequently proposed (Moreno et al., 1985; Thiebaut et al., 1984; Ploton et al., 1982; Howell and Black, 1980) . These protocols allow NOR-silver staining to be used for the analysis of Supported in part by grants from the Centre National de la Recherche Scientifique and I'Association pour la Recherche sur le Cancer (Contrat 6703).
Correspondence to: D. Hemandet-Verdun, Institut J. Monod, 2, Place Jussieu, 75251 Paris Cedex 05, France. number of NOR-silver-stained bands was observed across a large range of protein concentrations. The reaction appeared to be specific for a subset of nucleolar proteins, because the same bands were obsetved with the use of nucleolar, nuclear, or total cell protein extracts, and the silver grains observed in electron microscopy were clearly confiied to the nucleolar fibrillar centers and dense fibrillar component. The a icienq of the reaction was not modified by any of the tested fmtive pre-treatments except that involving methanol. The presented standardization of NOR-silver staining on Western blots allows the characterization of the Ag-NOR proteins and their specific regions responsible for silver staining of the nucleolus. (JHkochem C j~d e m 40:10Wl@%, several pathological conditions, as recently reviewed by Rowlands et al. (1990) . NOR-silver staining is now widely used as a complementary diagnostic method, especially in oncology. Furthermore, the amount of Ag-NOR proteins has been suggested as a prognostic factor for cancers (Di Stefan0 et al., 1991; Underwood and Giri, 1988; Waker, 1988) .
In interphase nuclei, NOR-silver staining usually results in dark granules located in the nucleoli. The intensity of the staining is dependent on the transcriptional activity of the cells (Moreno et al.. 1990; Hubbell, 1985; Morton, 1983; Schmiady et al., 1979) . Recently, it was suggested that the amount of silver-stained proteins is related to cell proliferation activity (Pession et al., 1991; Derenzini et al., 1990a; 'Tier? et al., 1989) . Electron microscopic investigation revealed the presence of argyrophilic proteins in two nucleolar regions: the fibrillar centers and the dense fibrillar component. These two regions are directly involved in the transcription of rRNA (for recent reviews see Hemandez-Verdun, 1991; Jordan, 1991; Derenzini et al., 1990b) . Molecular spreading of active nucleoli has also indicated an association between the Ag-NOR proteins and the uanscribed regions of rDNA (Angelier et al., 1982) .
However, in spite of their general biological and practical value, the proteins involved in the NOR-silver staining are still the object of controversy. There have been few studies describing adaptation HO&, ROUSSEL, HERNANDEZ-VERDUN of this cytochemical silver staining method for use with polyacrylamide gels after electrophoresis of proteins. By this method, few proteins have been identified as possible candidates for Ag-NOR proteins (Clark et al., 1990; Moreno et al., 1990; Buys and Osinga, 1984; Williams et al., 1982; Hubbell et al., 1979; Lischwe et al., 1979) . Two of these, C23 (nucleolin or 100 KD) and B23 were suggested to be the main argyrophilic proteins observed in cytological NOR-silver staining (Ochs and Busch, 1984; Spector e t al., 1984; Lischwe et al., 1979) . The reasons for this lack of clarity could be species specificity or the difficulties encountered in standardization of this silver-staining method on gels. We have therefore tried to find a reproducible method for the identification of the Ag-NOR proteins that would make possible complementary immunocytochemical detection of these proteins. Four different cytochemical NOR-silver-staining methods and their use for protein detection on nitrocellulose membranes after standard Westem blotting are described in this study. The specificity and sensitivity of these methods were compared and the possible influence of fixative pre-treatments was checked. The kinetics of the reactions were also analyzed. With these methods, the same Ag-NOR proteins could be detected both in whole cells and in nuclear and nucleolar protein extracts.
Materials and Methods
HeLa cells were grown in Eagle's minimal essential medium (EMEM) supplemented with 10% fetal calf serum.
Western Blotting
Actively growing HeLa cells were washed in culture medium without serum. The cells were either directly used for protein extraction or lysed for isolation of nuclei and nucleoli. Cells were lysed at 4'C in TKM buffer (10 mM Tris-HC1, pH 7.4, 10 mM KCI, 3 mM MgCIz), containing 0.4% Nodinet F40,l mM PMSF @henylmethylsulfonyl fluoride), 10 pglml aprotinin, 10 pglml pepstatin, and 1 pglml leupeptin. Lysis was stopped when nuclei appeared free of cytoplasmic components, as assessed by phase microscopy. The nuclear pellets were then washed twice in TKM buffer without detergent, suspended in Laemmli sample buffer (Laemmli, 1970) containing SDS, sonicated, boiled for 5 min. and cenuifuged for 30 sec. Nucleoli were prepared by sonication of the isolated nuclei in 0.34 M sucrose-TKM buffer. The nucleolar pellets were then treated as described above for nuclear pellets. The protein concentration of each sample was evaluated using the BCA Protein Assay Reagent (Pierce; Rockford, IL) before the addition of Laemmli buffer to the samples. For electrophoretic separation of the proteins, 10 or 12% SDS-polyacrylamide gels were used and were run in MiniProtean or Protean I1 cells (Bio-Rad; Richmond, CA). Molecular weight standards from 200 to 14 KD, purchased from Bio-Rad, were included on each gel. The polypeptides were electrotransferred to reinforced cellulose nitrate membranes (BA-S 83; Schleicher & Schuell, Dassel, FRG), which were then cut into strips.
Silver Staining In Situ
HeLa cells were stained in situ by two methods, based on procedures originally described by Goodpasme and Bloom (1975) and by Howell and Black (1980) . These staining procedures have been adapted for use with electron microscopy: (a) for the first method, samples were stained after fixation, using the two-step ammoniacal method according to Hernandez-Verdun et al. (1980) ; (b) for the second method, samples were stained on Lowicryl sections using the one-step method with gelatin colloidal developer according to Moreno et al. (1985) .
NOR-Silver Staining on Nitrocellulose Membranes
Samples were stained in plastic culture dishes (tubes or petri dishes) and all solutions used were made in freshly deionized water to avoid nonspecific silver reactions. In each case, the reactions were stopped by thorough rinsing in water. The best loading for Protocols 1, 2, and 3 (see below) comprised between 2-10 pg of nuclear extracts and less than 5 pg of nucleolar extract for Protocol 4.
Protocol 1: One-step NOR-Silver Staining Method with Gelatin Colloidal Developer. This was an adaptation of the method of Howell and Black (1980) . The solutions used were (A) AgN03 0.5-1 glml in water; (B) 1 g gelatin in 100 ml of water containing 1% formic acid. Staining solution was a mixture (2v:lv) of A and B. Samples were stained by 7-12-min incubations in staining solution at room temperature under continuous stirring.
Protocol 2: One-step NOR-Silver Staining Method with Polyethylene Glycol Colloidal Developer. This was an adaptation of the method of Rowlands et al. (1990) . Solutions used were (A) 0.5-1 glml AgN03 in water; (B) 0.5 glml polyethylene glycol 2000 or 6000 in water containing 2% (vlv) formic acid. Staining solution was a mixture (2v:lv) of A and B. Samples were stained by 8-15-min incubations in staining solution at room temperature under continuous stirring.
Protocol 3: Two-step NOR-Silver-Staining Method with Formaldehyde. This was an adaptation ofthe method of Likovsky and Smetana (1981) .
The solutions used were (A) 0.5 glml AgNO3 in water; (B) 9 volumes of formaldehyde stabilized by 10% methanol and 1 volume of acetic acid. Samples were stained in Solution A at 60'C for 5 min and then washed twice. The stain was then developed by adding a mixture (1v:lv) of Solutions A and B for 5-7 min.
Protocol 4: Two-step Ammoniacal NOR-Silver Method. This was an adaptation of the method of Goodpasture and Bloom (1975) . The solutions used were (A) 1 glml AgNO3 in water; (B) 0.1 glml AgN03 in water; (C) 3% ammoniacal solution in water; (D) 6% formaldehyde in water (neutralized with sodium acetate and then adjusted to pH 5.3 with formic acid). Samples were stained in Solution A at 60'C for 5 min, then washed twice in water. The stain was developed by the addition of a mixture consisting of (Iv:lv:0.5v) of Solutions B, C, and D at room temperature. The development time was usually 4-7 min, but the reaction is variable depending on the amount of protein and the purity of the solutions.
Pre-treatment of the Nitrocellulose Membranes Before the Selective Silver Staining
Different fixative pre-treatments were tested with subsequent one-step silver staining with gelatin developer (Protocol 1) to mess the possible wi. ability in selective silver staining. The strips were incubated for 10 min in one of the following fixing solutions: 50% ethanol; 50% Carney's solution (ethanolacetic acid 3:l); 4% formaldehyde in PBS or water; 2.5% glutmldehyde in water; 50% methanol; water or PBS alone. The strips were then washed three times in water (10 min) and silver stained.
Staining of All Proteins on the Gels and on the Nitrocellulose
The gels were silver stained by the method of Wray (1981) . which visualizes most of the proteins. The nitrocellulose strips were stained by Protogold (Bio-Cell Research Laboratories; Cardiff. UK) according to the manufacturer's instructions.
Results
The Ag-NOR proteins are only found in NORs during mitosis and in nucleolar compartments during interphase. The specificity of these silver-staining techniques was therefore tested by assessing the degree of compartmentalization of the stained proteins. Both the one-step technique using colloidal developer (Protocol 1) and the two-step ammoniacal technique (Protocol 4) gave highly specific positive silver staining of the nucleolar fibrillar centers and the dense fibrillar component ( Figures 1A and 1B ).
Selectivity of Silver Staining on Nitrocellulose
The selectivity of the NOR-silver staining was evaluated using nuclear protein extracts from HeLa cells. After SDS-PAGE electrophoresis and Western blotting, the strips were stained by the one-step method with colloidal developer (Protocol 1). For visualization of all proteins, the nonspecific silver staining of gels or Protogold staining of blots was performed. A similar quantity of proteins per lane was loaded for comparison. In contrast to a broad protein spectrum across a whole range of molecular weights stained by the two methods for total proteins (Figure 2 : 200, 116,97,66,42,31.21, and 14 KD vet staining revealed only a subset of them (Figure 2 , Lanes c and d). The bands appeared dark brown on the yellow nitrocellulose strips. The NOR-silver staining did not show any positive signal on lanes with molecular weight standard proteins (data not shown).
A comparison of Lanes b, c, and d (Figure 2) clearly indicates that the NOR-silver staining did not preferentially detect the most abundant proteins. Most of the proteins giving intense bands with Protogold and therefore presumed to be present at high concentration in the samples were not silver stained. Some of the bands detected with NOR-silver stain around 40 KD and 100 KD correspond to proteins present at much lower concentrations, than many others in nuclear extracts. When the nucleolar protein extracts were used in the same way, the resulting bands on NOR-silver stained blots reproduced the staining pattern of nuclear proteins (Figure  2 , Lanes c-f). Therefore, the NOR-silver-staining method used on nitrocellulose membranes maintained its specific affinity for a subset of nucleolar components, as did the in situ cytological staining.
Efects of Pre-treatments
To test the NOR-silver staining selectivity in different sample preparations, the strips were pre-treated before the one-step silver staining with gelatin developer (Protocol 1). Several fixative solutions that mimicked the cytological preparations were chosen. There was no difference in silver-stained banding patterns between controls and samples pre-treated with ethanol, Carnoy's solution, formaldehyde, and glutaraldehyde (Figure 3) : 200. 116,97,66,42,31,21, and 14 KO ). After electrophoresis, nuclear protein extracts (5 pg per lane) were transferred onto nitrocellulose and incubated before NOR-silver staining in the following solutions: (a) distilled water; (b) 50% ethanol; (c) Carnoy's fixative; (d) 4% formaldehyde in PES; (e) 4% formaldehyde in distilled water; (1) PES; and (9) 2.5% glutaraldehyde in water. The selectivity of the reaction is maintained in all cases (compare Figures 2c-2d. 3, and 4E) . were yellow with the exception of those pre-treated with methanol. which generated a gray background (data not shown).
Comparison of Dzferent Techniques
We compared the characteristics of four different NOR-silver stainings previously proposed for cytology that we adapted for use with Western blots as described in Materials and Methods.
The one-step method with gelatin colloidal developer (Protocol 1) gave brawn bands on uniformly yellow nitrocellulose ( Figure 4A ). The reaction is easy to perform and can be standardized. Visualization of weak bands is improved by using a more concentrated silver nitrate solution rather than by prolonging development of the reaction.
The one-step technique with colloidal polyethylene glycol developer (Protocol 2) was also easy to perform (Figure 4C) . The mem-HO&, ROUSSEL. HERNANDEZVERDUN branes were sometimes not as homogeneously stained as in Protocol 1, even when dilute solutions of polyethylene glycol 6000 and 2000 were used. The optical density of generated brown bands (Figure 4C) was comparable to or even higher than those visualized using the method with gelatin developer for the same amount of protein ( Figure 4A ). The main difference between Protocols 1 and 2 was the level of nitrocellulose staining. Only the areas not covered by proteins were stained in yellow. Non-argyrophilic protein bands were white. Silver-positive bands were therefore well evidenced.
The two-step method with formaldehyde developer (Protocol 3) gave rise to silver-positive bands on uniformly pale-yellow niuocellulose ( Figure 4B ). However, in comparison with Protocols 1 and 2, Protocol 3 required the use of higher temperatures for the first step, and the difference in optical densities between bands and background staining was lower. Nevertheless, no artifacts were observed and the nitrocellulose did not stain darkly. The ammoniacal NOR-silver staining technique (Protocol 4) was found to be much more difficult to perform and did not routinely give satisfactory results. The amount of protein and the quality of the solutions had to be carefully controlled because the reaction was very sensitive to any impurities in the water and reagents. The method was more time consuming and artifacts were frequently observed. When these difficulties were overcome, brown-black bands were clearly visible ( Figure 4D) .
The silver-stained banding patterns of nuclear ( Figures 4A-4C , Lane a) and nucleolar extracts ( Figure 4D ) were identical. The NOR-silver-stained proteins were observed in two major groups around 100 KD and 40 KD, with a few additional bands outside these clusters. The amount of protein giving the most satisfactory results seemed to be around 10 pg per lane for nuclear proteins. No other major bands were observed with Protocol 1 by increasing the protein amount up to 60 pg per lane (Figure 4E, Lane a) . We also tested the effect of decreasing the amount of proteins on the staining pattern ( Figures 4A-4C ). With Protocol 1 it was possible to detect the NOR-silver-stained band at 40 KD when as little as 100 ng of total nuclear proteins from HeLa cells were used ( Figure  4 , Lane f). The sensitivity of Protocol 2 was similar to that of Protocol 1, whereas Protocol 3 seemed to be less sensitive because the fainter bands detected by Protocols 1 and 2 were absent (compare Figure 4B with Figures 4A and 4C ). However, Protocol 4 (the ammoniacal technique) was the most sensitive. A complete pattern of the nucleolar silver-stained bands was obtained with 400 ng of nucleolar proteins ( Figure 4D) , which is ten times less than required for Protocol 1 (Figure 2, Lane f) . This may be due to the facts that in this protocol the first step increases the reaction and that there is no stabilization of the reaction by gelatin or polyethylene glycol.
Kinetics of the NOR-Sifver-staining Reaction
The kinetics of NOR-silver staining (Protocol 1) were investigated using total cellular extracts, so as to identify the most argyrophilic proteins in the cells. The Western blot strips were stained for various times between 2 and 20 min and the staining patterns compared with that of nucleolar extract after 20 min of staining (Figure 5) . In cellular extracts the major bands around 100 KD 6 min (lane b). 8 min (lane c), 10 min (lane d). 12 min (lane e). 15 min (lane   f) and 20 min (9) . In h, 2.5 pg of nucleolar protein were stained in the same conditions for 20 min. faint bands were visible but the specificity remained good: the major bands corresponded to those observed in the nucleolar extracts. It is therefore possible to conclude that the staining technique used is very specific for the major Ag-NOR proteins, usually revealing them in 10 min of reaction among the large number of cell proteins. The time necessary for staining on Western blots is similar to that used for in situ reaction.
Argyrophilic Proteins of Nude0 fus, Nucfeus, ana' Wbofe Cefh
The NOR-silver-stained banding patterns of nucleolar, nuclear, and total cell protein extracts were quite similar with Protocol 1 (Figures  2 and 5) . Only a few additional faint bands were observed in nuclear (Figure 2 , Lanes c and d) or total cell extracts ( Figure 5 , Lanes b-g) in comparison with nucleolar extracts (Figure 2 , Lanes e and f).
Discussion
NOR-silver staining has been described as a cytochemical method for light and electron microscopy (Foucrier et al., 1990; Rowlands et al., 1990; Hubbell, 1985; Moreno et al.. 1985; Thiebaut et al.. 1984; Ploton et al., 1982; Hernandez-Verdun et al., 1980; Howell and Black, 1980; Goodpasture and Bloom, 1975) . This staining is known to reveal specific proteins, called Ag-NOR proteins, which have not yet been characterized but are localized in the NORs and the nucleoli. The aim of this study was to adapt the standard methods previously described for cytological detection of the Ag-NOR proteins to Western blots so as to facilitate the characterization of these proteins and their functions.
All the NOR-silver-staining methods described differ from the standard silver staining used for total protein on gels (Merril et al., 1982; Wray. 1981) or nitrocellulose membranes (Yuen et al., 1982) .
In contrast to NOR-silver staining, standard silver staining uses various oxidizing or reducing agents before silver-staining procedures, resulting in positive or negative bands for all proteins. The comparison of total protein staining and the NOR-silver staining on Western blots showed that most proteins, even when abundant, were not revealed by NOR-silver staining. The same major NOR-silver-stained proteins were detected by four different specific techniques, and there were no discrepancies benveen the banding patterns of argyrophilic proteins in nucleolar, nuclear, and total cell protein extracts. Therefore, the four protocols presented are all highly selective. The SDS used in SDS-PAGE could alter the silver stainability of proteins, since SDS is known to coat the protein surface with anionic groups. However, there is no evidence for this in the literature. NOR-silver-stained banding patterns on gels after SDS or nondenaturing electrophoresis are similar and show the same positive bands (Lischwe et al., 1979) . The argyrophilic reaction is attributed directly to a specific functional group(s) of proteins, although their exact nature has not been established (for review see Buys and Osinga, 1984). The fixative used can have an effect on the efficiency of cytological NOR-silver staining. In particular, aldehyde fixation results in free aldehyde groups in the sample, believed to lead to nonspecific background. Therefore, to overcome these difficulties, pre-treatment with Schiffs reagent (Thiebaut et al., 1984) , glycine (Cromie et al., 1988) , or ammonium chloride (Moreno et al., 1985) has been recommended. High levels of nonspecific staining on ultra-thin sections have also been found when phosphate buffer was used (Moreno et al., 1985) . We therefore tested the effect of different fixatives on the efficiency of the one-step silver reaction with gelatin developer. No difference in stainability of Western-blotted nuclear proteins was found after pre-treatment with ethanol, Carnoy's solution, formaldehyde, glutaraldehyde, or after control pre-treatments with phosphate buffer or distilled water. These results are in agreement with the conclusions of Rowlands et al. (1990) , who did not find a high level of background in situ after aldehyde fixation when the reaction was strongly controlled. Similarly, Spector et al. (1984) did not find any modification of the ultrastructural localization of silver grains in nucleolar structures after paraformaldehyde, acetone, or ethanol fixation. We suggest that nonspecific reactions in situ could be due to chemical groups or ions bound to cell structures, derived either from the sample itself or as the result of fixation or the embedding process. Methanol, which is used in some pre-treatments, could be the cause of nonspecific background. However, the silver-staining properties of the Ag-NOR proteins themselves were not altered by the treatments we tested.
It was important to ascertain that the NOR-silver staining on Western blots was comparable to the cytochemical reaction. The kinetics of the reaction were therefore tested on blots of total cell protein extracts. This can be considered analogous to silver staining of whole cells as performed in cytology. In a protein extract of whole cells, only two major silver-stained proteins (around 100 and 40 KD) found in nucleolar extracts were visible. However, it is possible that minor proteins were not detected owing to their low relative concentrations, whereas in situ they give a positive sig nal due to local accumulation. In this case a comparison of the stain-ability of extracts from isolated subcellular structures may be more informative. However, the specificity of the reaction towards the nucleolar extracts and the reaction kinetics were both consistent with staining in situ and on Westem-blotted proteins. We believe, therefore, that both approaches idenufy the same subset of proteins.
Four NOR-silver stainings were tested. They revealed the same proteins but with different sensitivities and discrimination of bands. The two-step ammoniacal staining (Protocol 4) was more sensitive than the others but was difficult to reproduce. The sensitivities of the two methods with colloidal developers (Protocols 1 and 2) . were similar, although polyethyleneglycol developer sometimes gave a background. In contrast, the NOR-silver-staining with formaldehyde developer (Protocol 3) was less sensitive and did not detect the minor bands. This latter protocol is very similar to those used on gels for Ag-NOR protein detection as previously reported (Hubbel et al., 1979;  Lischwe et al., 1979) . This should to be kept in mind for the identification of the Ag-NOR proteins and the determination of their number. Overall, for routine use and standardization of NOR-silver staining on Western-blotted proteins, we recommend one of the protocols with colloidal developer (Protocol 1 or 2).
Several proteins were identified by NOR-silver staining in Western-blotted nucleolar extracts. We found one major band around 100 KD and several around 40 KD, together with additional weak bands. The two major bands correspond to the molecular weights of the positive bands revealed on gels in previous studies (Buys and Osinga, 1984; Hubbell et al., 1979;  Lischwe et al., 1979) . These bands may correspond to nucleolin (C23, 100 KD) and protein B23 (37 KD) because these are the most abundant nucleolar proteins around 100 KD and 40 a. However, further characterization is necessary to prove this identity and to identify the other bands. The staining of Westem-blotted proteins is a powerful tool that may enable these proteins to be unambiguously identified.
In conclusion, these protocols constitute basic methods for identification of the Ag-NOR proteins. In addition, these approaches enable one to follow the variability of the different kinds of Ag-NOR proteins through the cell cycle, during ribosomal transcription, and in the development of cancer.
